The expression of the PTH and calcitonin genes is dramatically decreased by 1,25(OH)2D3 in vivo, and the PTH gene expression is increased by hypocalcemia. We have now studied the effect of estrogens on the expression of these genes in vivo. 17 beta-Estradiol, given to ovariectomized rats, led to a fourfold increase in PTH mRNA and calcitonin mRNA levels. These effects occurred 24 h after single injections of 37-145 nmol estradiol, or after constant infusions of 12 pmol/d for 1 or 2 wk, where there was no effect on serum calcium levels. The estrogen receptor mRNA was demonstrated in the thyroparathyroid tissue by polymerase chain reaction. The estrogen binding was localized to the parathyroid and C cells by immunohistochemistry. Uterus weight was increased by repeated larger doses (73 nmol/d x 7) of estradiol, but not by the small doses (12 pmol/d for 1 or 2 wk) which were effective on the PTH and calcitonin genes, suggesting a sensitive endocrine effect. These results confirm that the parathyroid and C cells are target organs for estrogen, leading to an increased expression of PTH and calcitonin, which by their combined anabolic effect on bone would help prevent osteoporosis. 
Introduction
The expression ofthe PTH and calcitonin genes are both markedly decreased by 1,25 (OH )2D3 both in vivo in rats (1) (2) (3) and in vitro (4) (5) (6) . The PTH gene's expression is also regulated by calcium, where the major effect is that ofa low calcium increasing PTHmRNA levels in vivo (2, 7). In contrast, calcitonin gene expression is not regulated by calcium in vivo (7) . At the level of secretion, calcium is the major regulator for both PTH, and calcitonin, with a low calcium being the secretagogue for PTH, and a high calcium for calcitonin.
The major metabolic bone disease is osteoporosis, and in postmenopausal osteoporosis estrogen replacement therapy is the most effective treatment. However, the mechanism of estrogen effect on bone remains to be fully explained. Part of the effect is in all probability due to a direct effect of estrogens on The results of this study were presented in part at the American Society for Bone and Mineral Research, San Diego, CA, [24] [25] [26] [27] [28] August 1991, and were published in abstract form (1991. J. Bone Miner. Res. bone. Osteoblasts have been shown to have estrogen receptors (8, 9) , and the addition of estrogens to bone cell lines has been shown to have functional effects (10) (11) (12) including the synthesis of growth factors such as transforming growth factor A and insulin-like growth factors I and 11 (13) (14) (15) . These findings demonstrate that estrogens act directly on bone. Estrogens might also have an indirect effect on bone by regulating the production of the calcium regulating hormones. In vitro studies have shown that estrogens increase the secretion of PTH from both bovine and human parathyroid tissue, and increase the secretion ofcalcitonin from a medullary carcinoma cell line (16) (17) (18) (19) . We have now studied the regulation of PTH and calcitonin gene expression in vivo in the rat, and the presence ofthe estrogen receptor mRNA and protein in the rat parathyroid and C cells.
Methods
Animals. Female rats of the Hebrew University strain weighing 150-170 g were anesthetized by pentobarbitol, and bilateral ovariectomies performed. Other rats had sham operations performed. The rats were maintained on a normal diet for 2 wk when they were then administered various treatments. The rats, four in each group, were given no treatment (sham and ovariectomized), or 17fl-estradiol (37- ( 1, 3, 20 Polymerase chain reaction (PCR).' PCR for the estrogen receptor gene in rat thyroparathyroid tissue RNA extracts was performed (21, 22) . RNA was reverse transcribed into first strand cDNA using a kit (Amersham Corp., Arlington Heights, IL). PCR cleotide primers used were 5'-TGACTCTGCAGCAACAGCAT-3', and 5'-GAGTTCTCAGATGGTGTTGG-3'. The oligonucleotide primers were 311 bp apart. The reaction mixture was covered with mineral oil and subjected to 30 cycles of PCR amplification consisting of 1.5 min at 560C, 2 min at 950C, and 1.5 min at 720C. 10 .l of each PCR reaction were analyzed by electrophoresis in 2% agarose gels, transferred onto a nylon membrane (Hybond N; Amersham Corp.) and hybridized to an estrogen receptor cDNA fragment (23) . The size of the radiolabeled amplified DNA fragment was consistent with the distance between the primers.
Immunohistochemistry. Immunohistochemistry for the estrogen receptor was performed on formalin-fixed paraffin-embedded tissues by the method of O'Keane et al. (24) . The primary antiserum was rabbit antiestradiol (Diagnostic Products Corp., Los Angeles, CA), or normal rabbit serum as a negative control, the bridging antibody was biotinylated swine antiserum to rabbit immunoglobulin (DAKO-PATTS, Copenhagen, Denmark), followed by avidin-peroxidase complexes (DAKO Quik Staining Kit 40; DAKOPATTS). The staining was developed for 10 min in diaminobenzidine solution or for 25 min in a freshly prepared solution of 3-amino-9-ethyl-carbazol. Then the slides were rinsed in tap water, subsequently counterstained with Moyer hematoxylin, and mounted with Canada balsam or glycerol gelatine. The immunocytochemical assay of estrogen receptor with anti-I 7(3-estradiol antibody has been shown to be an accurate and specific method for the determination ofestrogen receptors (24) . Immunohistochemistry was performed for calcitonin with a polyclonal antibody (DAKOPATTS).
Results
Ovariectomy led to a small, nonsignificant decrease in PTH and calcitonin mRNA levels (Fig. 1) . PTH mRNA and calcitonin mRNA levels were markedly increased by 1 7#-estradiol (Fig. 1) . There was no difference for three control genes studied, namely, actin mRNA ( Fig. 1 A) which is derived from the total thyroparathyroid tissue, somatostatin mRNA, which is specific for the C cells in the thyroparathyroid tissue (3), and the 1,25 (OH)2D3 receptor mRNA levels, which is present in the parathyroid and C cells, but not in the thyroid follicle cells (20) (not shown). The effect ofestrogen on PTH mRNA levels was present 6 h after a 73-nmol dose of 1 7(3-estradiol, but less marked than at 24 h (not shown). At 24 h single doses of 73 nmol and 145 nmol 17f,-estradiol led to fourfold increases in mRNA levels for both PTH and calcitonin (Fig. 1) . Similar increases in mRNA levels were present after 1 7,B-estradiol was given by osmotic minipump at a dose of 12 pmol/d for 7 or 14 d (Fig. 1) (Fig. 2) . It was also expressed in the rat liver (not shown), and rat uterus but not in rat spleen (Fig.  2) . Negative controls showed that there was no contamination in the PCR (Fig. 2) The PCR product in the rat thyroparathyroid tissue might have been a product ofthe thyroid follicles, C cells, and parathyroid cells, and it was therefore necessary to demonstrate that the estrogen receptor was specific to the parathyroid and C cells, particularly because binding studies had not demonstrated an estrogen receptor in parathyroid tissue (26) . We did this by immunohistochemistry using a polyclonal antibody to 17f-estradiol, whose staining specifically labels the estrogen receptor (24) . In the rat thyroparathyroid tissue the estrogen receptor was found in the rat parathyroid and C cells, but not in the thyroid follicles (Fig. 3) , or in spleen (not shown). Estrogen receptor was also present in bovine parathyroid tissue (not shown). As a negative control, normal rabbit serum was used instead of the primary antibody. As a positive control, rat uterus and the human ovary were used, where there was positive nuclear staining for the nuclear receptor. In the case ofthe human ovary, as expected, there was specific staining only of the granulosa cells (not shown). We also repeated these studies on both bovine parathyroid and rat thyroparathyroid tissue using 3-amino-9-ethyl-carbazol as the final stain instead ofdiaminobenzidine with identical results (not shown). Testosterone antibody did not stain the parathyroid or C cells. Together with the PCR, these results show that estrogen receptor gene and its protein are expressed in the parathyroid and C cells.
Another parameter of estrogen activity was measured in these rats, namely, uterus weight. The uterotrophic effect of estrogens is a well-characterized biological response to administered estrogens. As expected, ovariectomy lead to a large decrease in uterus weight from a mean of 0.7 g to 0. 15 g (Fig. 4) . A pharmacological dose of 1 7f-estradiol (73 nmol) given daily for 7 d increased uterus weight twofold. A much smaller dose ( 12 pmol/d) given by a constant infusion pump for 2 wk did not affect uterus weight (Fig. 4) despite its potent effect on PTH and calcitonin mRNA levels (Fig. 1) . This small physiologically relevant dose successfully separated an estrogen effect on the calcium regulating hormones from that on the uterus.
Discussion
The action of estradiol to increase the expression of the PTH and calcitonin genes, and the presence ofthe estrogen receptor mRNA and protein in the parathyroid and C cells, as shown in this study, together with the earlier reports of a direct effect of estrogens to increase PTH and calcitonin secretion (16) (17) (18) (19) establish that these two organs are target organs for estrogens.
This effect ofestrogens might be important to the normal physiology of calcium homeostasis, by the action of PTH and calcitonin on their target organs, especially bone. In physiologic concentrations, PTH is anabolic to bone by its effect on osteoblasts, which combined with the effect ofcalcitonin to decrease osteoclastic bone resorption, would result in stronger bones.
The effect of estrogens in patients with osteoporosis was to increase serum PTH levels (27) (28) (29) which was postulated to be secondary to an estrogen induced hypocalcemia (27, 29) , whilst the effect on calcitonin levels was variable (30, 31 ) possibly due to the insensitivity of calcitonin immunoassays (32) . Our results, together with the earlier in vitro reports of a direct effect of estrogens on PTH and calcitonin secretion (16) (17) (18) (19) , indicate that the effect of estrogens to increase PTH and calcitonin levels is a direct effect ofestrogens on the parathyroid and C cells, respectively. In addition we have preliminary data with bovine parathyroid cells in primary culture, and a calcitonin producing cell line, that estrogens in vitro increase PTH and calcitonin mRNA levels, respectively (Naveh-Many, T., and J. Silver, unpublished results). In the present study serum PTH and calcitonin levels were not measured. However, to determine the importance of estrogens to their physiology it will be necessary to compare PTH and calcitonin mRNA levels, to their serum concentrations, both after the stress ofovariectomy and estrogen replacement, as well as during the normal estrous cycle.
Ovariectomy produces osteopenia in female rats which can be prevented by estrogen therapy (33, 34) , orby the administration of parathyroid hormone (35) or diphosphonates (36) , which, like calcitonin, inhibit bone resorption. In studies in osteoporotic patients PTH and calcitonin have been shown to have an anabolic effect on trabecular bone with an increase in vertebral bone density. These studies used PTH alone (37) or PTH with 1,25-dihydroxyvitamin D3 (38) , or pulsatile PTH and sequential calcitonin (39) . The present study suggests that estrogens act on bone to prevent osteoporosis not only by a direct action on osteoblasts but also indirectly by its action on the parathyroid gland and the C cells. Osteoblasts have estrogen receptors (8, 9) , which are probably central to the effects of estrogen on bone, but it is intriguing that the body might use other mechanisms, such as an effect on PTH and calcitonin, to
